Background Although long non-coding RNAs (lncRNAs) are regarded as useful plasma-based biomarkers for cancer detection, the potential diagnostic value of lncRNAs in gastric cancer (GC) remains unclear. Methods To screen promising lncRNAs biomarkers for GC, we performed genome-wide lncRNA microarray assay between five GC cases plasma and matched healthy controls plasma. The expression of candidate plasma-related lncRNAs were validated in two-phase validation of 446 subjects. The receiver operating characteristic curve was constructed for evaluating diagnostic accuracy. We also determined the origin and stability of plasma lncRNAs, and investigated biological effects of candidate lncRNAs on cellular phenotypes. Results A total of 3878 lncRNAs were expressed differentially in GC plasma, among which the top 10 up-regulated lncRNAs were selected for further validation. A two-stage validation revealed that plasma levels of three lncRNAs (FAM49B-AS, GUSBP11, and CTDHUT) were significantly higher in GC plasma as compared with healthy controls (P < 0.05), and the combined area under curve of these lncRNAs was 0.818 (95% CI 0.772-0.864). Moreover, these lncRNAs were stable and detectable in human plasma, and also enriched in extracellular fluid. The expression levels of all three lncRNAs dropped significantly on day 10 after radical surgery compared with preoperative levels (P < 0.05). Also, lncRNA FAM49B-AS significantly promoted GC cell viability and invasion. Conclusions Plasma lncRNA FAM49B-AS, GUSBP11 and CTDHUT have a strong potential to serve as noninvasive biomarkers for GC diagnosis.
Introduction
Gastric cancer (GC) is one of the most common malignancies worldwide, with a particularly high incidence rate in Eastern Asia [1, 2] . Although the decline trends in GC incidence and mortality have been reported in recent years, it remains the second most prevalent cancer in China, with approximately 679,100 new cases and 498,000 deaths in 2015 [3] . The 5-year overall survival rate was less than 25% in GC cases that were diagnosed at advanced stage with poor prognosis [4, 5] . Biomarkers from the circulating system, including plasma and serum, provide a convenient and noninvasive method for diagnosis of tumor. However, current circulating tumor-specific biomarkers, such as serum pepsinogen (SPG), carbohydrate antigen (CA) 242, CA724 and carcinoembryonic antigen (CEA), have limited utility in GC diagnosis [6] [7] [8] [9] . Identification of new biomarkers in blood for GC detection is essential.
Non-coding RNAs (ncRNAs) in plasma or serum, such as microRNA and long non-coding RNAs (lncRNAs), are novel noninvasive biomarkers for cancers [10] [11] [12] . The lncRNAs, longer than 200 nucleotides without proteincoding ability, play key roles in tumorigenesis, including influencing the proliferation, migration, invasion, metastasis, and apoptosis of tumor cells [13, 14] . Plasma lncRNA signatures are related to a variety of cancer types, such as prostate cancer [15] , breast cancer [16] , and esophageal squamous cell carcinoma [17] .
Currently, a few studies have evaluated the diagnostic role of plasma lncRNAs in GC. Li and Pang et al. have identified that LINC00152 significantly expressed in GC tissues, and then could be extracted to plasma as a biomarker for predicting GC [18] [19] [20] . Meanwhile, Zhou et al. [21] selected lncRNA H19, that previously reported to be upregulated expression in GC, and demonstrated plasma lncRNA H19 may serve as a potential biomarkers for GC diagnosis. Furthermore, Liu et al. [22] reported a panel of plasma lncRNAs can be used as biomarkers for GC detection. Although these lncRNAs were detected by an lncRNA microarray assay in human plasma, the studies had the limited sample sizes in the validations and did not detect the biological effect of candidate lncRNAs. Therefore, the aim of the present study was to systematically explore potential plasma-derived lncRNA biomarkers for GC diagnosis.
Methods

Study design and subjects
This study was approved by the institutional review board of Nanjing Medical University. A total of 241 GC cases with histopathological confirmation were collected from the affiliated hospitals of Nanjing Medical University between 2006 and 2016, and 228 healthy controls were randomly recruited in the same hospitals during the same period. Among these subjects, five matched cases and controls were used to perform genome-wide lncRNA detection, and 13 cases were extracted peripheral blood before and 10 days after surgery. Meanwhile, we enrolled additional 37 subjects with benign gastric diseases, including gastritis, gastric polys, gastric erosion and gastric ulcer, as another control group.
Genome-wide lncRNAs detection
The Arraystar Human lncRNA Microarray v3.0 (Aksomics, China) containing approximately 30,586 human lncRNAs was used to analyze the whole genome-wide lncRNAs expression in plasma from five GC cases and matched healthy controls.
RNA extraction and quantitative real-time PCR
The total RNA was extracted from both plasma and culture media of cell lines using miRNeasy Serum/Plasma Kit (Qiagen, Germany). The total RNA from cell lines was processed using RNeasy Mini (Qiagen, Germany) following the manufacturer's instructions. A high-capacity cDNA reverse transcription kit (Invitrogen, USA) was used to generate cDNA. To evaluate the expression of candidate lncRNAs, quantitative real-time PCR (qRT-PCR) was performed using SYBR Green assays (Applied Biological Materials Inc, Canada) on an ABI 7900 system (Applied Biosystems, USA). The level of each candidate lncRNA was normalized to those of GAPDH and calculated with the formula 2 −ΔC t . The detection effect of lncRNAs was calculated using the detection rate [detection rate = the number of samples (C t ≤ 35)/the total number of samples], by which higher detection rate indicated higher stability. The primer sequences are shown in Table S1 . The expression of CA242 and CA724 in human plasma was detected using enzyme-linked immunosorbent assay (ELISA) kits (SenBeiJia Biotechnology Co., Ltd., China) according to the manufacturer's instructions.
Cell lines and cell transfection
Four human GC cell lines (MGC803, BGC823, SGC7901, and MKN28) and one normal human gastric (GES-1) cell line were used in this study. The cells were cultured in RPMI-DMEM medium (MΜLTICELL, Canada) supplemented with 10% fetal bovine serum (Biological Industries, Israel). Cells were transfected with FAM49B-AS overexpression plasmid/empty vector (NC) (Generay Biotech Co., Ltd., China) using Lipofectamine 2000 (Invitrogen, USA). The lentiviral vectors containing FAM49B-AS-siRNA1/controlsiRNA1 (si-NC) were synthesized by GeneChem (Shanghai, China). 
Cell proliferation assay
Cell invasion and migration assays
The upper chamber of the trans-well (pore size, 8 µm; Millipore, USA) was spread by Matrigel (Millipore). After 24 h of incubation, 4.0 × 10 4 SGC7901 and MKN28 cells transfected with FAM49B-AS-siRNA1/si-NC lentiviral vectors and FAM49B-AS overexpression/NC, respectively, were seeded into the upper chamber with 100 µl of serum-free RPMI-DMEM medium, and RPMI-DMEM medium with 10% FBS was added to the lower well. Migration assay was similar to invasion assay except that the upper chamber was not coated with Matrigel. After incubation for 24 h at 37 °C with 5% CO 2 , cells on the lower chamber were fixed with 95% methanol for 20 min and stained with 0.1% crystal violet for 15 min. Then, five random fields were captured under 200× magnification inspection, and the numbers for cell invasion and migration in every field were quantified by ImageJ software.
Flow-cytometric analysis for apoptosis and cell cycle
To examine cell apoptosis, the transfected cells were stained with Annexin V and propidium iodide using Annexin V-FITC, and analyzed by flow cytometry. For the cell cycle analysis, the cells were fixed using 70% ethanol at − 20 °C for at least 18 h, and stained with 500 µl of PI for 15 min.
Statistical analysis
Student's t test or Pearson's χ 2 test were performed using SAS version 9.4 software (SAS Institute, Inc., Cary, NC, USA) to document the differences between GC cases and healthy controls. The expression of each lncRNA was analyzed using comparative cycle threshold (C t ) on SDS 2.4 software (Applied Biosystems, Foster City, CA, USA). The specificity, sensitivity and area-under-the-curve (AUC) values for plasma lncRNAs were determined using the receiver operating characteristic (ROC) curve. P values less than 0.05 were considered statistically significant.
Results
Characteristics of subjects
The characteristics of enrolled subjects are described in Table S2 . For the two-phase validation subjects, there were no differences between GC cases and healthy controls in age and sex (all P > 0.05). In the combined set, 48.6% and 51.4% of GC cases were in TNM stages I-II and III-IV, respectively.
Differentially expressed lncRNAs from genome-wide lncRNA microarray assay
An integral description of the study process is shown in Fig. 1 . Genome-wide plasma lncRNA microarray analysis was conducted to detect differential lncRNA expression between five GC cases and matched healthy controls (Table S3 ). The heatmap and volcano-plot showed that of 3878 differentially expressed lncRNAs, 603 were upregulated and 3275 were downregulated (fold change ≥ 2 and P ≤ 0.05) (Fig. 2 ). Among these, we preferentially selected elevated lncRNAs; the top 10 up-regulated lncRNAs are listed in Table S4 . 
Two independent validations of plasma lncRNAs
To confirm the upregulated expression of the abovementioned 10 lncRNAs in plasma, we used qRT-PCR to examine their levels in a two-phase validation. GAPDH showed no significant differences between GC cases and normal controls in plasma ( Figure S1A ), indicating GAPDH is acceptable for normalizing plasma lncRNAs. In the first-stage validation, 50 GC cases and 50 healthy controls were recruited to determine the above 10 candidate lncRNAs. As shown in Fig. 3a , b, lncRNA FAM49B-AS (ENST00000524100), GUSBP11 (uc002zxm.3) and CTD highly upregulated transcript (CTDHUT) (ENST00000446853) displayed significantly higher levels in GC cases (all P < 0.05 and detection rate > 70%). Subsequently, a total of 173 GC cases and 173 healthy controls were enrolled in the second validation. In line with the first-stage validation, FAM49B-AS, GUSBP11, and CTDHUT were significantly upregulated in GC cases compared with healthy controls (all P < 0.05 and detection rate > 70%; Fig. 3c-f) . Moreover, we evaluated the expression pattern of three candidate lncRNAs in subjects with benign gastric diseases (Table S5) . As illustrated in Figure S1B , GUSBP11 levels were significantly upregulated in subjects with benign gastric diseases compared with controls, whereas FAM49B-AS and CTDHUT showed increasing trend levels from controls to subjects with benign gastric diseases. Furthermore, no significant association was observed between each lncRNA level and their clinical features ( Figure S1C ).
Evaluation of the diagnostic performance of plasma lncRNAs
Based on the above observations, we combined all the subjects in a two-stage validation to determine the sensitivity and specificity of the three plasma lncRNAs by generating ROC curves and analyzing AUC. The AUC values for plasma FAM49B-AS, GUSBP11, and CTDHUT for GC cases vs. healthy controls were 0.609 (95% CI 0.548-0.670), 0.635 (95% CI 0.575-0.695) and 0.762 (95% CI 0.711-0.813), respectively. However, when three lncRNAs were detected in combination, the AUC was increased to 0.818 (95% CI 0.772-0.864), and sensitivity and specificity were raised to 77.5% and 73.9%, respectively (Fig. 4a) . We then combined the traditional clinical biomarkers of CA242 or CA724 and these three lncRNAs, and found that the combination of CA242 and CA724 yielded an AUC of 0.784 (95% CI 0.734-0.835) and 0.943 (95% CI 0.919-0.968), respectively, which were significantly increased compared with individual CA242 (AUC = 0.658) or CA724 (AUC = 0.911). Additionally, when integrating three lncRNAs, CA242, and CA724, they displayed the best diagnostic performance with AUC of 0.952 (95% CI 0.931-0.974), sensitivity of 93.2% and specificity of 86.6% ( Figure S1D ). Based on the results in the two-stage validation, we assessed the origin of three candidate lncRNAs. We first measured the expression levels of these three plasma lncRNAs by qRT-PCR in 13 cases before surgery (pre) and 10 days after radical gastrectomy (post), which 53.8% cases were in stage III/IV and 53.8% cases with intestinal-type of GC (Table S6 ). The results showed that the expression of each lncRNA declined sharply in GC cases on day 10 after surgery (P < 0.05; Fig. 4b ). We then investigated the expression of these three lncRNAs in 13 paired preoperative/postoperative cases and matched healthy controls. After radical gastrectomy, the expression of FAM49B-AS was in accordance with that in healthy controls (P > 0.05; Figure S2A ). In addition, the expression of three lncRNAs was measured in the corresponding culture medium of four GC cell lines (MGC803, BGC823, SGC7901, and MKN28) and GES-1. Compared with the culture medium of GES-1, the expression of three lncRNAs significantly increased in the corresponding culture medium of four GC cell lines after 24/48 h incubation (Figure S2B-D) . These results indicated that both tumor cell lines and GES-1 could secrete these three lncRNAs, especially in GC cell lines. Next, we measured the above-mentioned three lncRNA levels in BGC823, SGC7901, and GES-1 cells, and compared the expression of three lncRNAs in the corresponding culture medium after incubation for 24 h. Consistent with the results from the culture medium of GC cell lines, FAM49B-AS, GUSBP11, and CTDHUT also showed significantly elevated expression in BGC823 and SGC7901 cell lines compared with GES-1, confirming their GC-derived origin (Fig. 4c) .
To investigate the stability of three lncRNAs in plasma, we kept the plasma samples under harsh conditions such as RNase A digestion for 3 h, incubation at room temperature for 0, 4, 8, and 24 h, and repeated 0, 2, 4 and 8 freeze-thaw cycles. Results indicated that the concentrations of these three plasma lncRNAs were hardly altered in such treatment (Fig. 4d) .
Effect of plasma lncRNAs on GC cellular phenotypes
Understanding the function of plasma lncRNAs in tumorigenesis would facilitate their clinical application. The potential coding ability [23] (http://cpc.cbi.pku.edu.cn/ and http:// lilab .resea rch.bcm.edu) and transcript properties that take into account whether transcripts with known non-coding RNA transcripts (http://genom e-asia.ucsc.edu) were used to predict the biological functional of three candidate lncRNAs. Because FAM49B-AS has a very low coding potential, we preferentially selected it to observe whether it could promote biological malignant behavior of GC cells.
We investigated the expression of FAM49B-AS in the four GC cell lines, and found that the expression of FAM49B-AS was abundant in SGC7901 cells, whereas the lowest in MKN28 cells (Fig. 5a ). To further detect the function role of FAM49B-AS, we used siRNAs/NC lentiviral vector of FAM49B-AS to treat SGC7901 cells, and overexpression/NC of FAM49B-AS to treat MKN28 cells. FAM49B-AS levels were significantly decreased in SGC7901 cells after stable knockdown of FAM49B-AS, and significantly increased in MKN28 after overexpression of FAM49B-AS (Fig. 5b) . Then, a CCK8 assay revealed that proliferation of SGC7901 cells was remarkably impaired after FAM49B-AS stable knockdown for 24 h, 48 h, and 72 h. By contrast, FAM49B-AS overexpression in MKN28 significantly promoted cell proliferation (Fig. 5c) . Compared with the NC group, SGC7901 cells with downregulation of FAM49B-AS showed significantly reduced invasion abilities, whereas MKN28 with the up-regulation of FAM49B-AS significantly increased invasion abilities (Fig. 5d) . Also, FAM49B-AS arrested the SGC7901 cell cycles at the G1 and G2 phase, and showed a trend toward arresting MKN28 cell cycles at the G1 phase (Fig. 5e) . However, we did not find significant differentials in cellular migration and apoptosis affected by FAM49B-AS (Figure S3A-C) .
Discussion
The majority of GC cases are diagnosed as an advanced stage, indicating an urgent need for promising biomarkers in GC diagnosis [24, 25] . Because lncRNAs can be detected in plasma samples in a highly stable form, and are considered to be effective noninvasive biomarkers for cancer diagnosis [11, 13, 26, 27] . Meanwhile, previous studies focused on the diagnostic performance of preselected lncRNAs, leaving a large number of lncRNAs unexplored [9] . In this study, we therefore screened promising lncRNA biomarkers in GC by a genome-wide lncRNA screening strategy between GC cases plasma and matched controls plasma. Based on this array result, we first identified that FAM49B-AS, GUSBP11, and CTDHUT levels were statistically upregulated in GC cases compared to healthy controls in a two-phase validation. Especially, we also elucidated that above-mentioned three lncRNAs could represent novel biomarkers for diagnosis of GC by examining their detection rate, stability, tumor-derived origin, and biological malignant behavior.
Correct endogenous controls ensure accurate detection of plasma lncRNA levels. We confirmed that plasma GAPDH levels are not affected in cases and controls using cel-miR-39 as an exogenous control, which is consistent with previous studies [18, 28] . In the first-stage validation, the results showed that FAM49B-AS, GUSBP11 and CTDHUT levels were significantly elevated in GC cases compared with healthy controls. We further detected the expression of these three lncRNAs in the first-stage validation and subjects with benign gastric diseases. Compared with controls, GUSBP11 significantly increased in subjects with benign gastric diseases; however, FAM49B-AS and CTDHUT showed a trend toward elevating expression in group of benign gastric diseases, which could be due to small sample size. However, GUSBP11 levels were decreased in cases compared with subjects with benign gastric diseases. These findings suggest that further largescale population studies are needed to evaluate these lncRNA levels in subjects with benign gastric diseases. In the second validation, we found that FAM49B-AS, GUSBP11, and CTDHUT dramatically increased in GC plasma compared with healthy controls, consistent with our results in the first-stage validation. Next, we combined all of the subjects from the two-phase validation, and found that the combination of these three lncRNAs yielded more effective diagnoses of GC than the use of lncRNAs individually. However, no significant associations were observed between each candidate lncRNA and GC characteristics, suggesting further validation with large samples is warranted. Furthermore, we found that the combination of CA242, CA724 and three lncRNAs ◂ would more accurately discriminate between cases and controls. The combination (three lncRNAs + CA242, three lncRNAs + CA724 and three lncRNAs + CA242 + CA724) outperformed the traditional biomarkers of CA242 or CA724 in terms of GC diagnosis. However, the combination had (three lncRNAs + CA242) lower AUC values (AUC = 0.784) than the combination of these three lncRNAs (AUC = 0.818). We will enroll larger sample size to comprehensively detect the effect.
Consistent with previous studies [29, 30] , we investigated the origin of GC-related lncRNAs in plasma. Several studies have reported that plasma lncRNAs were primarily secreted from tumor cells, and would partly revert to normal levels after surgical treatment [17, 21] . Comparing lncRNA expressions in a subject's own preoperative and postoperative plasma can effectively follow their prognosis [31] . Therefore, we observed that the expression of these three lncRNAs was significantly reduced 10 d after surgery compared with Results are presented as mean ± SD. *P < 0.05 before surgery, suggesting that these three lncRNAs could be used to monitor GC dynamics. Interestingly, FAM49B-AS levels could revert to healthy controls after surgery, indicating that FAM49B-AS may be more suitable for tracking GC. Extension of postoperative detection time is needed to further detect levels of GUSBP11 and CTDHUT. Meanwhile, candidate lncRNAs were significantly upregulated in GC cell lines and the corresponding culture medium compared with GES-1. In addition, these candidate lncRNAs could enter into culture medium of GC cell lines, increased with incubation time, indicating that they can be released from GC cells. Collectively, these findings provide indirect support for the GC-derived origin of lncRNAs.
Other studies have demonstrated that plasma lncRNAs are stable in RNase-rich blood [21, [32] [33] [34] . Similarly, these three candidate lncRNAs in plasma were almost stable even when treated with RNase A, prolonged room temperature incubation time or multiple freeze-thaw cycles. Recent studies have also reported that exosomes may incorporate lncRNAs and protect them from the RNase digestion in plasma, which might be the reason for the stability of lncRNAs in plasma. FAM49B has been widely reported to suppress pancreatic ductal adenocarcinoma by regulating mitochondrial function and integrity [35] . However, FAM49B's antisense transcript FAM49B-AS remains poorly understood. Few studies have reported the role of GUSBP11 and CTDHUT in cancer. Recently, Cao et al. [36] reported that GUSBP11 was significantly associated with survival of patients with head and neck squamous cell carcinoma. We then chose FAM49B-AS to explore its cytological function according to the coding ability, transcript properties of candidate lncRNAs, and the capability of tracking disease. We found that the knockdown of FAM49B-AS inhibited the proliferation and invasion of GC cells, whereas opposite findings were observed with overexpression of FAM49B-AS.
The present study used genome-wide plasma lncRNAs profiles to identify promising lncRNA biomarkers for GC. In the two-stage validation, we first identified that plasma FAM49B-AS, GUSBP11, and CTDHUT were significantly overexpressed in GC. Then we systematically confirmed that the combined use of the three plasma lncRNAs could provide a more effective diagnostic power for GC diagnosis. Since we studied the effect of FAM49B-AS on GC cells, we believe that the function of all three candidate lncRNAs should be explored in further studies. Moreover, it is well known that Helicobacter pylori infection is one of the important factors for GC occurrence [37] ; however, we lack data for Helicobacter pylori infection from subjects, which might have limited the ability to comprehensively evaluate the diagnostic power of these three lncRNAs for GC.
In conclusion, we systematically characterized three novel GC-related lncRNAs (FAM49B-AS, GUSBP11, and CTDHUT) in plasma as promising novel noninvasive biomarkers in GC diagnosis using plasma lncRNAs expression profiling arrays.
